The compression behavior of Zr-doped nano anatase Ti 0.90 Zr 0.10 O 2 synthesized by the sol-gel method was studied using a diamond anvil cell (DAC) up to ∼ 13 GPa. The compressibility parallel to the a axis decreases strongly at ∼ 4 GPa and other structural parameters also change with pressure. The parameters of the third order Birch-Murnaghan equation of state were fitted to: V 0 = 139.6(0)Å 3 , K 0 = 213(9) GPa and K = 17.9(2). Ab initio electronic structure simulations indicate that the Zr atoms cluster in the crystal. The effects of chemical substitution as well as of microstructure, especially the crystallite size, on the mechanical properties are discussed.
Introduction
Titania TiO 2 , zirconia ZrO 2 , as well as zirconiumtitanium oxides and zirconium titanate based materials are technologically and industrially important functional ceramics used, e. g., for pigments [1, 2] , composite materials [3, 4] or catalysts and catalyst supports [5] . At high pressures and temperatures, TiO 2 and ZrO 2 exist in a number of polymorphs. At pressures < 5 GPa the stable form of TiO 2 is rutile (tetragonal, space group P4 2 /mnm, coordination number CN = 6), but also anatase (tetragonal, I4 1 /amd, CN = 6) and brookite (tetragonal, Pcab, CN = 6) exist as metastable forms as well as a number of other modifications [6] . High-pressure polymorphs are the orthorhombic forms TiO 2 -II (columbite structure, space group Pbcn, CN = 6) at pressures of 5 to 8 GPa [7 -9] , MI (baddeleyite structure, P2 1 /c, CN = 7) to 20 GPa [10, 11] and OI (Pbca, CN = 7) to 50 GPa [12] , and at higher pressures OII (cottunite structure, Pnma, CN = 9) [13, 14] along with a cubic phase with the space group Fm3m or Pa3 and CN = 9 [15] (see also references in Table 1 ).
The ZrO 2 polymorphs stable at ambient pressures are monoclinic baddeleyite, also referred to as MI, with the space group P2 1 /c and CN = 7 for Zr. At temperatures above 1200 • C a tetragonal phase with space group P4 2 /nmc and CN = 7 occurs. Above 2372 • C 0932-0776 / 06 / 1200-1577 $ 06.00 © 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com a cubic fluorite-type structure with space group Fm3m and CN = 8 is stable, and at 2680 • C the melting point is reached [16] . Baddeleyite is stable up to 10 GPa, the polymorphs at higher pressures are orthorhombic: OI (space group Pbca, CN = 7) at pressures < 25 GPa and OII (Pnam, CN = 9) at pressures < 42 GPa [17] . The values given by Ohtaka et al. [18] for the stabilities of the high-pressure polymorphs differ strongly from the ones given above: baddeleyite < 3 -4 GPa, OI < 12.5 GPa and OII < 24 GPa. Both groups of authors suggest a cotunnite structure for OII and describe an orthorhombic phase, OIV, which is stable at higher temperatures than OII and at higher pressures than the tetragonal phase with the space group being most likely Pbc2 1 .
The compressibility of high-pressure polymorphs of TiO 2 is systematically smaller than for ZrO 2 , indicated by higher bulk moduli K 0 for TiO 2 . For the monoclinic MI phase, K 0 was measured as 290 -303 GPa for TiO 2 and as 187 -212 GPa for ZrO 2 . The values of K 0 for the orthorhombic phases are 318 GPa (TiO 2 ) and 243 GPa (ZrO 2 ) for OI, and 431 GPa (TiO 2 ) and 265 -444 GPa (ZrO 2 ) for OII, respectively (details, nomenclature, and references are given in Table 1 ). This pattern can be understood by a comparison of the electronic structures of Zr and Ti: Having one more electron shell, Zr has larger ionic and covalent radii than Ti and therefore a higher compressibility. However, the [19] . Apart from its (ideal) crystal structure, the compression behavior of a material is also controlled by the microstructure as well as by stress and strain in the crystallites. A decrease in crystallite size leads to a higher bulk modulus for anatase, as shown by Swamy and Dubrovinsky [20, 21] . The authors carried out experiments on the compression behaviour of macrocrystalline anatase [20] up to 8 GPa as well as of nanocrystalline anatase [21] up to 35 GPa. The pressure-volume data were fitted to a second-order Birch-Murnaghan equation of state (EoS) [22] . They determined the isothermal bulk modulus for macrocrystalline anatase to be 178(1) GPa. The value for the nanocrystalline counterpart is 243(3) GPa, which is about 35% larger. The results suggest that stress hardens the material.
Stress and strain also affect the limit for transformations into high-pressure polymorphs. E. g., a decrease in crystallite size apparently stabilizes anatase up to higher pressures: Anatase single crystals transform into TiO 2 -II at 2.5 GPa [11] and 4.5 GPa [23] . The transformation of polycrystalline anatase into TiO 2 -II was found at 2.6 GPa [24] , 7 GPa [25] and 5 GPa [26] . The transformation of TiO 2 -II into the MI structure occurred at 10 GPa [26] , 12 -15 GPa [26] , and 13 -17 GPa [11] . A number of experimental studies [21, 23, 27] showed a transformation of nano-and fine-grained polycrystalline anatase into MI at pressures ≥ 13 GPa. This result led to the conclusion that a decrease in crystallite size suppresses the formation of TiO 2 -II and leads to a higher pressure limit of the transformation anatase → MI.
In this study, we focus on the variation of compressibility of anatase in response to doping with Zr. Information is gained about the differences in the compression behavior of Ti and Zr oxides, about the effect of substitution of atoms on the compressibility and of the microstructure, especially the crystallite size, on the elastic properties.
Experimental and Computational Procedures Compression experiments
Experiments were carried out in the 4 pin diamond anvil cell (DAC) manufactured at Bayerisches Geoinstitut [28] , using a pair of 1 /4 karate type IA diamonds with a cullet size of 300 µm. Rhenium foil with 250 µm thickness was pre-indented to 40 -50 µm and a hole of ∼ 120 µm was drilled to form the gasket. As starting material we used nanocrystalline Zr-doped anatase Ti 0.90 Zr 0.10 O 2 , synthesized with the sol-gel process [29] which was homogeneously mixed with LiF (99.99% purity) in a proportion of about 1 : 1 [w/w]. The crystallite size of the doped anatase was about 15(±5) nm, as indicated by high-resolution transmission electron microscopy ( Fig. 1 ) and confirmed by convolution-based profile fitting of X-ray powder diffraction data. We used LiF both as internal pressure standard [30] and as a relatively soft pressure-transmitting medium. In situ angle-dispersive diffraction patterns were collected at the GeoSoilEnviroCARS 13 BMD at the Advanced Photon Source (APS), Argonne, Illinois. We used MAR345 as a detector and an X-ray beam with a wavelength of 0.31Å and a size of 6 × 15 µm. The distance sample to detector was 272 mm. The seats of the DAC had an opening of 22 • allowing the collection of diffraction data to ∼ 1Å 3 . The diffraction images were integrated using the FIT2D program [31] , full profile refinements were done using the GSAS program [32, 33] . The standard deviation of the LiF volume at the maximum pressure achieved (13 GPa) is less than 0.01Å 3 , corresponding to an uncertainty in pressure of less then 0.5 GPa.
First principle calculations
We performed ab initio density functional electronic structure simulations, using the projector-augmented wave (PAW) method [34] in the generalized gradient approximation (GGA) to the exchange correlation potential [35] and a plane wave basis set as implemented in the Vienna Ab-Initio Simulation Package (VASP) [36, 37] . We calculated ground state energetics (zero temperature) of Ti 8 O 16 as well as Zr 1 Ti 7 O 16 supercells for varying volumes and explored the variation of cell parameters, energies and atomic positions as a function of the volume. As starting point, we used an experimentally determined anatase cell with lattice parameters a = 3.7842, c = 9.5146Å and V = 136.25Å
3 [38] . Ti occupies the Wyckoff position 4a (0, 0, 0), oxygen occupies 8e (0, 0, 0.21). We used a 2 × 1 × 1 supercell for anatase for the computations as well as a Zr doped version of this cell (Zr 1 Ti 7 O 16 ). Reciprocal space was sampled on a 6 × 12 × 4 Monkhorst-Pack k point grid [39] . Both cells were relaxed for internal and external degrees of freedom. Leaving the volume fixed for volumes ranging from 10.0 -12.5 for TiO 2 and 10.0 -13.0Å 3 per atom for ZrTi 7 O 16 . The symmetry was found to be stable in the anatase structure even in the Zr-doped anatase.
In order to gain insight into the Zr-distribution in the TiO 2 -ZrO 2 solid solution close to the composition studied experimentally, and to investigate the possible tendency of clustering of zirconium atoms we performed computations on alternative supercells. Computations were conducted on cells with a volume of 11. 
Experimental results
The lattice parameters of Zr-doped anatase at zero pressure were refined to a = 3.8110(3), c = 9.6101(12)Å and V = 139.57(2)Å 3 . As the larger Zr is incorporated for the smaller Ti into the structure, the values are consistently higher than the ones for pure anatase obtained by Swamy et al. [20, 21] . The au- thors report a = 3.7910(5), c = 9.5146(9)Å and V = 136.74(5)Å 3 for macrocrystalline anatase [20] and a = 3.7830(3), c = 9.513(9)Å and V = 136.15(2)Å 3 for nanocrystalline anatase with crystallite sizes of 30 to 40 nm [21] . The trend is consistent with the data presented by Holbig et al. [29] of lattice parameters refinements of different phases in the system TiO 2 -ZrO 2 . The XRD data of the sample at ambient conditions were used to estimate the crystallite size of the starting material. We used the TOPAS-ACADEMIC software [40] for convolution-based profile fitting [41] and refined the microstructure. The diffraction spectrum of a CeO standard was used to determine the source emission profile and instrumental contribution to peak broadening. The effects of crystallite size and strain on the peak broadening were analyzed using the double-Voigt approach [42] . Integral-breadthbased volume-weighted mean column height L Vol IB of coherently diffracting domains as well as mean strain values e 0 [41] were obtained simultaneously, resulting in L Vol IB = 11.0(3) nm and e 0 = 22(1)%, while the residuals of the fit are Rwp = 1.370. The considerable amount of strain is related to the high contribution of the distorted surface for nanocrystalline material. The estimate of crystallite size from L Vol IB depends on the Fig. 4 . Metal-oxygen bond lengths of the MO 6 octahedra. M-O2 = average bond length of (Ti, Zr) and apical oxygen atom O2; M-O4 = average bond length of (Ti, Zr) and equatorial oxygen atom O4; black points = experimental results from XRD; grey continued lines = results from ab initio computations.
particular crystallite shape and on the size distribution of the crystallites. For monodispers spherical crystallites with diameter D, the following equation is applicable: D = 4/3 L Vol IB [43, 44] . The resulting value for the starting material is D = 14.7(4) nm, which is in excellent agreement with the estimate from TEM analysis of 15 (5) nm.
The Zr-doped nanoanatase was observed as a pure phase up to a pressure of 13 GPa, as indicated by the refined X-ray diffraction patterns (Fig. 2) . The trends of the variations of the lattice parameters are presented in Fig. 3 . The slope of the relative lattice parameter a/a 0 decreases for pressures > 4 GPa, indicating a decrease in compressibility of the a parameter at higher pressures (Fig. 3a) . Because the slope c/c 0 remains the same, the ratio of a/c strongly increases at p > 4 GPa (Fig. 3b) . A difference in the slope is also observed for a number of other parameters, e. g. the average M-O bond lengths in the octahedra (Fig. 4) or the oxygen positions (Table 2 ) indicating a change in the compression behavior at a pressure of ∼ 4 GPa. The variation of the M-O4 bond length is only slightly larger than the error of data points and therefore can be taken as almost constant. The M-O2 bond length in contrast has a negative slope at pressures < 4 GPa and a positive slope at higher pressures. The oxygen positions follow a similar trend: the z coordinate decreases in the former p range and increases in the latter. It is worth noting that the change in compression behavior is not related to a phase transformation, as can be seen from the re- [20] , (NA) nano anatase [21] and (NZA) nano crystalline Zr-doped anatase (this study).
fined X-ray pattern (Fig. 2) , which clearly indicates the presence of only anatase and LiF up to a pressure of 13 GPa.
The pressure versus volume data obtained from full profile analysis were fitted to a third order Birch-Murnaghan equation of state, resulting in V 0 = 139.6(0)Å 3 , K 0 = 213(9) GPa and K = 17.9(2) (Fig. 5) . Since for most materials K has a value of ∼ 4, the value of 17.9(2) appears to be extremely high. However, a decrease of the slope of cell volume versus pressure is consistent with the change in compression behavior at ∼ 4 GPa. To make our data comparable to other studies, where K = 4, we fitted our data to a second order EoS, resulting in a much higher K 0 of 278 (7) GPa. Due to the change in compression behavior at ∼ 4 GPa, we also fitted the second order EoS for different pressure ranges, again keeping K = 4. The results for 0 -5 GPa are K 0 = 249(6) GPa, and for 4 -13 GPa K 0 = 301(1) GPa showing that the bulk modulus strongly increases with pressure. Fig. 6 shows a comparison of Birch-Murnaghan EoS fits for experiments on TiO 2 anatase [20] and TiO 2 nanoanatase [21] . Anatase has the highest compressibility. In the pressure range of 0 -6 GPa, the Zrdoped nanoanatase of this study has the same compressibility as TiO 2 nanoanatase. Due to the increasing bulk modulus at higher pressures the compressibility of the Zr-doped material is smaller than that of the pure nanoanatase at p > 6 GPa. Fig. 7 shows a plot of Birch's normalized pressure F versus the Eulerian strain f with: F = P/(3 f (2 f + 1)) 5/2 and f = 0.5(V 0 /V 2/3 − 1). The data were fitted to F = 3799 f + 221, resulting in K 0 = 221 GPa. Given that the slope of the fit is 3 K 0 (K − 4)/2, it follows that K = 15.5. These results are compatible with the results from the Birch-Murnaghan fit presented above.
Computational results
From the computed internal energies for different cell volumes of TiO 2 and Zr-doped anatase (Ti : Zr = 7 : 1) we obtain the EoS parameters by fitting the E-V relation. In agreement with experiment we find that the doping of TiO 2 anatase with Zr expands the zero pres- sure volume by ∼ 3% and decreases the compressibility markedly. We obtain K = 4.0 for both TiO 2 and (Ti 7 Zr)O 16 which differs from the experimental results for Zr-doped nanocrystalline anatase (Table 1 ). In addition to the EoS we use the computational results to compare the relative lattice parameters (Fig. 3 ) and bond lengths (Fig. 4) . The calculated slopes of relative lattice parameters a/a 0 and c/c 0 are constant and have a more negative slope than the experimental data (Fig. 3) . The bond lengths of the metal to the equatorial oxygen atoms of a polyhedron (M-O4) are smaller than the ones to the apical atoms (M-O2), in contrast to experimental data where the polyhedra are found largely incompressible. The failure to reproduce the experimental data for the distortion of the polyhedra is in part responsible for the prediction of more compressible polyhedra (Table 1) . The consideration of alternative supercells at a volume of 11Å 3 per atom is shown in Table 3 and indicates that the Zr atoms in anatase have a tendency to cluster. The cell with evenly spread Zr atoms (2a × 2b × c) with the longest possible Zr-Zr distance for nearest neighbors of 5.377Å is energetically least favorable (Table 3 ). The cell a × b × 2c in which the nearest neighbors with a Zr-Zr distance of 3.785Å are found in the directions parallel to the a and b axis has the lowest energy.
Discussion and Conclusions
The experimental results on Zr-doped nanoanatase show a significant change in compression behavior at pressures > 4 GPa: The slope of a/c strongly increases, the slope of the bond length M-O2 of the octahedra changes from negative to positive and the z coordinate of the oxygen atom in the Wyckoff position 8e, the only free atomic coordinate, changes its trend. This change in compression behavior can be understood by considering the crystal structure. Fig. 8 shows the structure of anatase in the bc plane. Each Ti is surrounded by an octahedron of six oxygen atoms. The octahedra are linked via edges and build a zig-zag chain parallel to a as well as b. The chains are stacked antiparallel to the c axis Fig. 8 . Structure of anatase; the lattice is shown in the bc plane, dimensions are 3a × 2b × 2c. O4 = equatorial oxygen atoms (edge sharing); O2 = apical oxygen atoms (corner sharing). Fig. 9 . Volume-pressure data of Zr 0.1 Ti 0.9 O 2 nano anatase (this study) and nano crystalline anatase TiO 2 [46] . The slope of the curve decreases at ∼ 5 GPa for Zr-doped nano anatase and increases for TiO 2 nano anatase. and, as our data suggest, can be compressed c with the same rate over the whole pressure range analyzed. However, along the directions a and b, the chains can be compressed more readily at pressures < 4 GPa than at higher pressures. This phenomenon also affects the bond lengths and thus the distortion of the octahedra: At pressures below 4 GPa the degree of distortion of individual octahedra increases, while above 4 GPa the distortion decreases.
The results of the computations do not show a significant change in the slope for the relative lattice parameters (Fig. 3) , neither for the bond lengths within the octahedra (Fig. 4) nor the z positions of the oxygen atoms (Table 2 ) as a function of pressure. The change in compression behavior at ∼ 4 GPa as found in the experiments is not reproduced by the first principle cal-culations. This is not surprising because the periodic boundary conditions of the computations calculate an infinite crystal and are not constrained for the compression of a nanocrystalline material, in which deviatoric stresses play an important role. Bulk or polycrystalline Zr-doped anatase could not be prepared because the annealing process would lead to a recrystallization of the material into rutile above ∼ 700 • C (e. g. [45] ). Even though we used the pressure medium LiF, which is characterized by a small shear modulus [30] , the spatial pressure distribution within our cell is most likely not even and deviatoric stresses might play an important role.
The experimental studies by Swamy [21] and Pischedda et al. [46] show a higher bulk modulus for nanocrystalline TiO 2 anatase than for bulk anatase (Fig. 9) . The authors fitted the pressure-volume data to a second order Birch-Murnaghan EoS (K = 4, fixed) and obtained a value for the bulk modulus of 243 GPa in the pressure range of 0 -20 GPa [21] and a value of 237 GPa in the range of 6 -18 GPa [46] . The values are well comparable to the fitted EoS from data on Zr-doped anatase: In the pressure range of 0 -4 GPa we fitted a K 0 of 249 GPa (compare Table 1 ). We therefore conclude that the bulk modulus of nanocrystalline anatase is systematically higher by about 30 -35% than of the bulk material.
However, none of the previous studies on anatase showed a decrease in compressibility similar to the experimental results on Zr-doped nanoanatase. The tendency of Zr-atoms to form clusters as shown by our ab initio computations can lead to a variation of structural parameters, supporting a change in compression behavior. The clustering may even be supported by deviatoric stresses in the sample chamber which can be expected during the compression of nanocrystals.
Another important fact which should be taken into account is the phase transition from TiO 2 anatase to the high-pressure phase TiO 2 -II which was observed at pressures between 2.5 and 7 GPa in all single crystal [11, 23] and several powder XRD studies [24 -26] . This phase transition was suppressed in our experiments as well as in other work on nanocrystalline material [21, 23, 27] ; however, in the same pressure region, a change in compression behavior is found for Zr-doped nano anatase (this study) as well as for pure nano anatase [46] .
We conclude that the strong decrease of compressibility at higher pressures is related to the nanocrystallinity of the anatase material. It appears that Zrdoping and the tendency of clustering of Zr-atoms can affect the structural parameters and influence the elastic properties: opposed to the conclusion one would draw from comparison of elastic constants for TiO 2 and ZrO 2 polymorphs (see Table 1 ), the incorporation of Zr into TiO 2 anatase results in an increasing bulk modulus. Further studies to analyze if this phenomenon can also be observed for other polymorphs are an interesting task.
